are displayed prominently in intraspecific interactions, such as aggressive or mating behavior. These animals thus use patterns of polarized light in the same way that other species use color patterns, providing a unique and therefore unmistakable appearance to visual systems capable of analyzing polarization patterns. Also, since the polarization pattern is independent of the spectrum of illuminating light, the signal looks the same in a great variety of lighting conditions.
Is there anything else unusual about their visual signals?
Naturally -they seem to have discovered how to enhance their color signals by adding fluorescence. Water absorbs long-wavelength light (that is why it looks blue), so visual signals based on long-wavelength colors like yellow or red are not very useful at depths greater than 15 or 20 meters.
Some stomatopod species that inhabit these depths, however, still look yellow. They do this using fluorescence: light in the blue spectral range is absorbed by pigments that re-emit it in the greens and yellows.
Fluorescence allows animals like these to have a similar appearance over a large depth range, reflecting yellow light in shallow water and fluorescing it in deep. It is possible that fluorescent signals might be more common among aquatic animals than previously thought. give students a sense of these debates, and we can understand this -we too grew up with them. However, there has been a revolution brought about by genetics and molecular biology and it is time to bury some of the old arguments. Here we look at the classification of embryos into those with 'mosaic' or 'regulative' development and ask if we should still preserve these concepts.
Mosaic and regulative embryos: the concepts
As students we were taught that embryos fall broadly into two classes: Regulative embryos were thought to be characteristic of the vertebrates. Regulation was defined by Driesch in 1909 as an embryo adapting to interference, such as removal of a part, by restitution to or towards the normal. In 1971, Sander argued that the concept of regulation should also encompass cases where parts of embryos respond to experiments by changing their fate away from the normal; it is the flexibility itself that is diagnostic, not the direction of any change. Intrinsic to the regulative process are interactions between embryonic cells, interactions that specify cell fate. This type of cell interaction has helped bring intercellular signalling to the fore in current fashion.
Mosaic embryos were thought to be characteristic of many invertebrates, for example annelids and arthropodsindeed, the style of development became a criterion in the grand classification of animals into subkingdoms and superphyla. The key test was to isolate blastomeres of embryos; if each blastomere went on as it would have done in situ and only made part of the whole, the embryo was said to be mosaic. Mosaic embryos were thought to derive from eggs that are a patchwork of determined territories. They were supposed to develop according to a program, each cell having a predetermined and restricted fate. A lack of interaction between cells and rigid patterns of cell lineage are parts of this concept. From these ideas came a research emphasis on maternal determinants and cell lineage.
Generalisations like these develop their own momentum and can become dogmas. Consider the case of insects: text books described insect embryos as mosaic for much of the 20th century, yet as early as the 1920s Friedrich Seidel did clear experiments showing that insect embryos exhibit regulation. The same is true of nematodes; when Sydney Brenner chose the nematode Caenorhabditis elegans to be his experimental muse, he was impressed by the precise number of cells and rigid cell lineage. These observations led to a widespread belief that nematode development is programmed, and offered the promise of deciphering secret codes that control cell fate. One of the consequences was the conviction that cell interactions would not be important to cell determination in nematodes. Later on, many cases of cell interactions were discovered in C. elegans and these placed nematode embryos where they belong, that is not so far away from other embryos.
Thus it became clear that the 'mosaic embryo' is an abstraction that does not exist. Nevertheless, the concept embodies important principles: there are determinants that are placed in the egg by the mother; the fate of cells is sometimes restricted by localising proteins to a limited part of an egg cortex or the cell membrane. Selector genes can permanently become turned on or off by special mechanisms, for example those implemented by genes of the Polycomb group.
But what of a regulative embryo, is that also an abstraction? Two-headed tadpoles and siamese twins are living proofs of the flexibility of vertebrate embryos. Mouse zygotes and early embryos were traditionally considered to be completely unspecified, rather like eggs of the brown alga Fucus, where the main axis is fixed by the environment (for example by light). In mammals, however, careful studies are now uncovering signs of a bias, so that, already by the first cleavage, the two blastomeres are not equivalent. At the four cell stage, and in embryos cleaving in a common but particular way, each cell has a different and largely predictable prospective fate (Figure 1 ). In these embryos, the four cells can be distinguished and experiments show that they are different -those originating from the animal half of the egg are totipotent, while those from the vegetal part of the egg are not. So although mammalian embryos are remarkably flexible, they are not truly regulative. The regulative embryo probably exists only in our imaginations.
Mosaic and regulative development: the molecules
The molecules that underlie these concepts are becoming more defined and understood. To oversimplify: mosaic development depends on agents, such as transcription factors, being placed locally in the egg by the mother. Regulative development depends in part on long-range gradients of positional information, such as that provided by the Hedgehog protein, that can pattern many cells at once. Regulative development can also be driven by short-range signals that trigger changes in cell identity in nearby neighbours.
The first example of a localized metazoan determinant came in 1887 from what now, in our hierarchical times, would be seen as an unlikely source -a medical student, Laurent Chabry. Chabry studied embryos of the sea squirt, an ascidian. He used a needle to destroy two individual blastomeres -the so-called B4.1 blastomeres -at the eight cell stage. The remaining cells made partial tadpoles which lacked tail muscles. When he took these same two blastomeres and cultured them on their own, they formed tail muscles, but nothing else. These studies launched the hypothesis that ascidian embryos are highly mosaic, with localized determinants rigidly specifying the fate of individual blastomeres. Chabry was a committed socialist and was discomforted to find his embryos seemed to be under totalitarian control.
This same approach was taken further by Edwin Conklin, who made use of a yellow pigment in the ascidian Styela to follow the tail muscle lineage during development. Prior to fertilization, the pigment is uniformly distributed throughout the ooplasm of the egg. After fertilization, the pigment is first localized to the vegetal cytoplasm and then becomes confined to the B4.1 blastomeres, the progenitors of the tail muscles. Conklin did not believe that the yellow pigment was itself the muscle determinant but he thought it might be telling him where a determinant was.
Just five years ago, nearly 100 years after Conklin's first observations, Hiroki Nishida and colleagues identified that determinant as the zinc finger transcription factor Macho-1. Macho-1 is at the top of a regulatory cascade that drives localized expression of a group of genes to initiate muscle differentiation. After the maternal Macho-1 mRNA is inherited by the B4.1 blastomeres, it is translated into an active protein during the next two cell cycles. At the 32 cell stage, Macho-1 switches on production of Tbx6, which in turn activates MyoD and Snail. MyoD is essential for muscle differentiation, while Snail is a transcriptional repressor that blocks notochord formation.
This behaviour is all straightforwardly 'mosaic'. But, after the next cell cycle, a subset of these mesodermal cells come into direct contact with the presumptive endoderm, itself secreting fibroblast growth factor 9 (FGF9), a short-range signal. FGF9 modifies the action of Macho-1, so that this subset of cells now form mesenchyme rather than tail muscles. And to confirm this, it is found that, when FGF9's action is inhibited, all the mesodermal cells follow the Macho-1 'default' pathway and form tail muscles (Figure 2) .
In another sea squirt, Ciona, FGF9 also induces the CNS by locally activating both a ubiquitous, maternal Ets1,2 transcription factor and GATAa. Indeed, overdoses of FGF9 cause the CNS to expand and take over other territory, illustrating the flexible nature of tunicate development. So, even in the embryos that have the mother of all determinants, cell-cell communication guides cell fate. This paragon of mosaicism is no more. Now let us turn to the vertebrates. The Xenopus egg contains a number of localized determinants, including Vg1, an activin signalling molecule, and VegT, a T-box transcription factor. These cause restricted expression of Xnr, which encodes a signalling molecule related to Nodal. After fertilization, cortical rotation leads to nuclear transport of β-catenin along the future dorsal side of the embryo. The dorsal mesoderm, which includes the venerable 'Spemann's organizer', is defined by where Xnr signalling meets activated β-catenin. Active β-catenin interacts with Tcf-3, a ubiquitous transcription factor, and drives the dorsal activation of the homeobox gene Siamois. Siamois protein interacts with defined regulatory elements in its target gene, goosecoid. But Siamois cannot act alone; expression of goosecoid also depends on activated Smads and these are triggered by Xnr signalling in vegetal regions. Siamois and activated Smads are found together only in the presumptive dorsal mesoderm, and there they activate production of Goosecoid protein to define, at least in part, Spemann's organizer. If only the authoritarian Spemann were still here to enjoy the knowledge that his favourite and so flexible embryos do, after all, contain determinants! What about Drosophila? In the early embryo, longitudinal stripes of cells are sent towards different developmental destinations, the most ventral to mesoderm, the nextmost ventral to mesectoderm and the more dorsal to neurogenic ectoderm. These allocations are largely the responsibility of the maternal gradient of the Dorsal protein that is set up by determinants et al. 2003, Development 130, 5179-5190.) in the egg; however, pattern formation thereafter depends on interactions between groups of cells. At the highest concentration of Dorsal, the snail gene is activated and Snail helps direct the most ventral cells towards mesoderm. These cells invaginate at gastrulation, moving inwards and spreading across the inner surface of the neurogenic ectoderm. As the mesoderm cells enter the embryo, the neurogenic ectoderm moves downwards to meet at the ventral midline. The mesoderm cells migrate more dorsally and the lateralmost cells come into contact with ectoderm that expresses the BMP signalling molecule Decapentaplegic (Dpp). Dpp then induces that part of the underlying mesoderm to express the regulatory gene, tinman (related to Nkx2.5 in vertebrates), which drives differentiation of the heart.
A lower concentration of Dorsal leads to the localised expression of single-minded in the mesectoderm, the ventralmost cells of the neurogenic ectoderm that form on either side of the new ventral midline. Singleminded protein coordinates the localized expression of rhomboid and other signalling components required for the processing and release of the EGF-like ligand Spitz from the midline. Secreted Spitz helps pattern the ventral neurogenic ectoderm, perhaps in a similar way to the patterning of the vertebrate neural tube by Sonic hedgehog.
Thus, in embryos previously classified as either mosaic or regulative, many-sided intercellular conversations lead to progressive elaboration. Localized determinants and signalling molecules are agents in these conversations and all embryos have both. Localized patterns of gene expression depend on the combinatorial action of transcriptional activators and repressors. These activators and repressors together determine which cells are set up to respond to longer range signals, such as the BMPs, Wnts, Hedgehog and the FGFs. Evolution has had fun tinkering with the relative contributions of signalling and transcription in the establishment of cell fate. But, as we have seen, these processes are intimately linked and interconnected, so that, working together, they drive development forwards. In the past, because of a tendency to compare and then contrast, an apparently stronger reliance on signalling would shove the embryo into the regulative category, while the occurrence of localized transcription factors made the embryo a mosaic. But all embryos employ both mechanisms. They work as a team, and, with exquisite precision, define cellular identities progressively. Cell identity is first partly defined within broad zones of competence, but these then become refined and subdivided as organs and tissues are built. It is time to move on and donate mosaic and regulative development to the archives.
